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Introduction 
 

Rheumatoid arthritis (RA) is the most common human autoimmune 

disease with high direct and indirect costs for the society. Due to the 

clinical and pathological similarities the human cartilage proteglycan 

(PG) induced arthritis in genetically susceptible mouse strains can be a 

good model to study the cellular and molecular mechanism of 

inflammation. 

In the effector phase of autoimmune arthritis the activation of both the 

specific and naive immune system can be observed. The first important 

step in the mechanism of the inflammation is the attachment of specific 

antibodies to certain articular structures. Antibody-antigen binding 

leads to the activation of the naive immune system, the initiation of the 

complement cascade and the recruitment of the cells of the granulocyte 

and the monocyte-macrophag system into the joint. During this process, 

after slowing down in the marginal zone of the vessel the inflammatory 

cells make contact with the endothelial cells (capture), start rolling 

movement that leads to the irreversible adhesion and transmigration 

through the vessel wall.  

In the last decade monoclonal antibody (mAb) treatments against 

certain leukocyte cell surface molecules (f.e. lymphocyte CD20 marker) 

had good clinical results. The tests with antibodies against granulocyte 

markers are also very promising in preclinical studies both in 

myeloproliferative diseases and in autoimmune diseases requiring the 

activation of granulocytes. 

The transmigration from the vessel to the joint space is a strictly 

regulated, multi-step process. The granulocyte surface CD44 supports 

the adherence of the inflammatory cells on the hyaluronan rich 

endothelial matrices that leads to the transendothelial migration of these 

cells. 

Anti-CD44 mAb treatment resulted significant improvement in several 

autoimmune inflammatory models, however, CD44 deficiency did not 

result significant protection against inflammation. 
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Purpose of the study 
 

It was our important goal to test and improve methods for the dynamic 

study of the cellular events of the arthritis. These events can be partially 

modeled in vitro (flow chamber, migration chamber), but the 

preliminary in vitro results must be confirmed by in vivo studies due to 

the complexity of these cellular events. I my work I summarize these 

methods and show their practical value in our studies on the 

hyaluronan-CD44 system. 

Human RA is a heterogeneous disease; we performed tests to study the 

heterogeneity of PG induced arthritis to compare these two diseases 

from this point of view. 

CD44 deficiency and blocking the marker with anti-CD44 mAbs 

showed different clinical results. As CD44 is responsible for the rolling 

and adhesion of CD44 positive cells on hyaluronan rich endothelial 

matrices we supposed the role of the different behavior of granulocytes 

in these conditions. 

Using intravital video microscopy we investigated the granulocyte-

endothelial interactions in vivo in PG induced arthritis in WT, CD44 

KO and WT/CD44 KO chimera mice and were looking for the reason 

of the differences observed between the effects of the genetic ablation 

of CD44 marker and anti-CD44 mAb treatment. 
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Methods 
 

1. Experimental animals 

 

We used WT, CD44KO and WT/CD44 KO chimera Balb/c animals in 

our study. We made CD44 KO Balb/c mice backcrossing CD44 KO 

DBA1 mice to Balb/c background. We made chimeras with bone 

marrow transplantation following lethal irradiation. Mice were 

immunized three times intraperitoneally with the mixture of human 

cartilage PG and synthetic adjuvant. The degree of inflammation was 

assessed in a score between 0 and 4 in each paw; mice with ankle 

inflammation of score 2-3 were used. 

 

2. The role of genetic and environmental factors in PG induced 

arthritis 

 

The clinical manifestation of PG induced arthritis- like human RA- 

shows big heterogeneity suggesting the role of genetic and extragenetic 

factors. In our preliminary studies we compared the development of 

PGIA in mice belonging to the same group, but different subgroup after 

immunization according to the same protocol. These subgroups have 

the same genetic background but are bred separately, so the differences 

of clinical manifestation of the disease may suggest the role of 

environmental factors. 

 

3. In vitro experiments 

 

The amount of cell surface markers (CD44, Gr-1) was assessed with 

flow cytometry following fluorescent labeling. Rolling, adhesion and 

migration was modeled by flow chamber and migration assays. 

 

4. Fluorescent imaging techniques. 

 

With epifluorescence microscopy we can study the fluorescence from 

the surface of the target; the confocal microscope makes an image from 
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a given plane. Two photon (2P) fluorescent scanning microscopy is a 

new method using focused fluorescence excitation that makes detailed, 

dynamic spatial (4D) recordings possible. We used fluorescent methods 

both in vitro and in vivo in the study of the cell recruitment in the 

migration chamber and the inflamed ankle joint. The ankle joints of 

anaesthetized mice were exposed surgically to study the recruitment of 

granulocytes in the vessels and their transmigration after fluorescent 

labeling. Using epifluorescence method we could also quantify the 

number of adherent and rolling cells and the velocity of the rolling 

cells. Our present technique makes us possible to make only orientation 

studies but not quantitative measurements with 2P microscopy. 

 

5. Protocols 

 

Reagents were injected intravenously into the choroideal veins. After 

the surgical procedure a control image was taken from a given vessel, 

after the reagent administration recordings were taken at given time 

points. Platelet depletion was made by administration of polyclonal 

antibodies. Peripheral leukocyte counts were calculated using Wright-

Giemsa stained smears. Cell surface CD44 and Gr-1 density and 

platelet count in the heparinized blood were assessed by flow 

cytometry. To measure the articular swelling we used a digital 

microcaliper (World Precision Instruments) and calculated cumulative 

joint thickness. Data were analyzed using SPSS software (Chicago, IL, 

USA). The student t-test was used for analysis of 1 or 2 groups, and 

one-way analysis of variance was used for multiple groups. Differences 

were considered significant when p was 0.05 or less. 

.  



6 

 

Results 

 
1. The role of genetic and environmental factors in PG induced 

arthritis 

 

Mice belonging to different Balb/c subgroups had significant difference 

in both the onset and the severity of arthritis after receiving the same 

immunization protocol. This observation suggests the role of 

environmental factors beside genetic background. According to this 

finding in our further experiments we always used the same mouse 

subgroup (Balb/c NCI). 

 

2. Leukocyte rolling and adhesion in CD44 deficient animals and 

after blocking of leukocyte surface CD44 with mAbs 

 

We found similar values in the number of granulocyte-endothelial 

interactions, but the number of rolling cells was significantly higher, 

and the number of adherent cells was significantly lower in the CD44 

KO than in the WT animals. After the administration of anti-CD44 

mAb (IM7) there was a sudden, irreversible drop in the number of 

rolling cells, there was actually no rolling cell seen between minutes5 

and 30. IM7 also significantly reduced the number of adherent cells, but 

this reduction was not much greater than the reduction of adherent cell 

number in the control group. After IM7 treatment adherent leukocytes 

showed certain morphologic changes, cells became “hairy” or 

“disheveled” in appearance. 

 

3. Changes in leukocyte rolling and adhesion after blocking the 

CD44-HA interactions (after administration of anti-CD44 KM81 

mAb) 

 

KM81 mAb is known to directly inhibit the interactions between 

leukocyte CD44 and endothelial HA, so we supposed a more greater 

reduction of rolling after KM81 than IM7 administration. In contrast we 

found that though KM81 significantly reduced the number of rolling 
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cells in the synovial vessels, but this effect was weaker and developed 

slower after KM81 than IM7 mAb. 

 

4. The effect of IM7 on chimera mice 

 

IM7 treatment showed no changes in leukocyte recruitment in CD44 

KO animals. We did not find any changes in chimera animals with 

leukocytes lacking CD44 marker either (leuko CD44 mice). In contrast 

chimeras receiving CD44 positive bone marrow and having 

endothelium lacking CD44 (endo CD44 KO mice) showed similar 

kinetic and morphologic changes like WT animals after IM7 

administration. We can conclude that leukocyte and not endothelial 

CD44 is the responsible for IM7 binding and the consecutive rolling 

cessation and morphologic changes in adherent leukocytes. 

 

5. The effect of IM7 fragments on leukocyte rolling 

 

Administration of FAB2 fragments showed the same changes like full 

antibody, but the administration of Fab fragments only had no effect on 

granulocyte recruitment. In case we gave goat antibodies against rat Fc 

receptor to the mice 25 minutes after Fab fragment injections we saw 

the cessation of rolling and the typical morphologic changes seen after 

full IM7 treatment. Our results suggest that Fc fragment has no direct 

role in the effects of the IM7, but the crosslinking of Fab fragments is 

essential. 

 

6. Changes in peripheral leukocyte count after anti-CD44 mAb 

administration 

 

Both IM7 and KM81 reduced peripheral leukocyte count (especially 

granulocyte count that dropped more than 90%) within 1 hour after 

administration. After 24 hours the number of neutrophils showed a 

slight increase, but still remained significantly reduced compared to the 

control values. We found similar granulocyte depletion after anti-Gr-1 

mAb administration. 
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7. The effect of mAb against myeloid differentiation marker Gr-1 

 

We found the same changes in the granulocyte recruitment after the 

administration of mAb against Gr-1 like after the administration of anti-

CD44 mAbs. 

 

8. The role of platelets in the effects of IM7 and anti-Gr-1 mAbs 

 

Using double immunofluorescence staining we proved that the „hairy” 

or „disheveled” appearance of granulocytes after IM7 administration is 

caused by the progressive deposition of platelets on the cell surface. 

Our flow cytometry experiments proved that the number of platelets 

show a significant drop 1 hour after IM7 or anti-Gr-1 mAb 

administration suggesting that leukocytes and platelets disappear 

together from the circulation. 

 

9. The effect of anti-PSGL-1 mAb, anti-p-selectin mAb, and soluble 

p-selectin- Fc fusion protein treatment on IM7 induced leukocyte-

platelet interactions 

 

Anti-PSGL-1 mAb could reduce the number of rolling leukocytes 

before IM7 administration, but had no effect on the IM7 induced rolling 

cessation, platelet and granulocyte depletion compared to the rat IgG 

treated controls. Anti-p-selectin administration also caused slight 

neutrophil depletion and a slight increase in the number of platelet 

covered leukocytes but could moderately block IM7 mAb induced 

rolling reduction and platelet depletion. After the administration of 

recombinant p-selectin-Fc fusion protein we found the same changes 

(rolling cessation, platelet and neutrophil depletion) like after IM7 

administration. Injection of IM7 after recombinant p-selectin-Fc fusion 

protein administration resulted no further changes in granulocyte 

behavior. 
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10. The effect of heparin pretreatment and anti-platelet treatment 

on IM7 induced leukocyte-platelet interactions 

 

Both platelet depletion and heparin pretreatment significantly reduced 

the anti-inflammatory effect of IM7, but still a significant reduction of 

inflammation was observed compared to the starting value. 
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Conclusions 
 

In our studies we found that in CD44 KO animals the rate of rolling and 

adherent cells shifted to rolling but we don’t know how the lack of 

CD44 mediated hyaluronan binding leads to this change in leukocyte 

behavior. We suppose that in inflammatory conditions large quantities 

of hyaluronan rich multimolecular complexes are performed that 

support the CD44 mediated adhesion and rolling of granulocytes, but 

CD44 KO mice cannot use this mechanism. The impaired adhesion in 

CD44 KO animals can result arthritis with later onset and weaker 

intensity. In contrast we found that crosslinking of CD44 marker with 

antibodies caused a sudden reaction in the leukocytes of the inflamed 

vessel (which are mainly neutrophils). Rolling is immediately disabled, 

and the platelet-covered leukocytes disappear from the circulation. 

These effects are fairly different from the consequences of CD44 

deficiency, and do not appear to be resulting from an antibody-mediated 

inhibition of CD44-HA interactions either. Moreover these effects can 

be reproduced with mAb against Gr-1 marker which has no know 

relationship with CD44 or an established role in cell adhesion. 

We supposed that platelet deposition on leukocyte surface seen after 

IM7 administration was a consequence of platelet p-selectin and 

neutrophil PSGL-1 interaction; therefore we tested the effect of 

recombinant mouse (rm) p-selectin on platelet behavior. We were 

surprised that after soluble p-selectin administration we found the same 

reactions observed after anti-CD44 treatment. The similar in vivo 

events elicited by mAbs against Gr-1, CD44 and soluble p-selectin 

suggest a common underlying mechanism. 

We proved that crosslinking of marker molecules by bivalent antibodies 

is essential in the changes in leukocyte and platelet behavior. We found 

that the main mechanism of action of anti-CD44 mAbs in experimental 

arthritis is the depletion of granulocytes. Cross linking of cell surface 

markers that are present in large quantities (like Gr-1, CD4 and PSGL-

1) by antibodies or soluble receptors cause the depletion of granulocytes 

from the circulation by a common mechanism. It warrants caution that 

the mechanism of action of a monoclonal antibody against a prominent 
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cell surface marker may be the damage of the cell and the depletion 

from the circulation that is independent from the original function of the 

target molecule. Our results also show a close relationship between the 

cell adhesion and the coagulation systems and show that the antibody 

treatments against cell surface makers may induce different 

mechanisms that have incalculable consequences. The strong 

antagonistic effect of heparin on the reactions elicited by IM7 also 

supports the interaction between cell adhesion and coagulation system. 

Mac-1 is known to specifically bind fibrinogen/fibrin, so we suppose 

that fibrinogen binding into the neutrophil surface by activated Mac-1 

may be the initial step in the effects of IM7. Reduction of IM7- induced 

platelet deposition and neutrophil loss by heparin and platelet 

deposition suggests that CD44 cross-linking induces procoagulant 

activity on the neutrophil surface, which, through progressive platelet 

accumulation should lead to the profound alteration of cell membrane. 

Though both platelet and cell surface-bound components of the 

coagulation system contribute to the rapid deterioration of neutrophils 

and their removal from the circulation, 40% to 70% of the cells 

disappear in the presence of anticoagulant and in the absence of 

platelets in IM7-treated mice. This provides a safe therapeutic window 

for combined anti-CD44 and anticoagulant treatment, where the mAb 

induced leukocyte disposal still proceeds at a lower but significant rate. 

Specific antibody treatment against granulocyte cell surface marker can 

suspend the effector phase of the inflammation thus temporarily prevent 

tissue damage but cannot influence the underlying autoimmune reaction 

and is not a causal treatment. Considering the potential danger of the 

transient neutropenia and the activation of the coagulation pathway it 

can become a choice of treatment as a supportive therapy in the acute 

phase of an aggressive disease to reach a quick relieve of symptoms. 
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